Paracoccidioidomycosis (PCM) is a systemic mycosis caused by thermally dimorphic fungi of the Paracoccidioides species complex. Several pathogenic fungi produce hemagglutinins and hemolysins, which are virulence factors involved in adhesion of pathogens to host tissues or cells and in destruction of erythrocytes. The present research investigated hemolytic and hemagglutinating activities of yeast cells and soluble components from P. restrepiensis (PS3; formerly P. brasiliensis B339) and P. lutzii (LDR2). Different concentrations of live and heat-killed yeast cells and soluble components from a cell free antigen preparation (native or heated, 56°C or 100°C, 30 min) were mixed with 1% human erythrocyte suspensions. Yeast cells from both species caused hemolysis, P. lutzii LDR2 being more strongly hemolytic than P. restrepiensis B339, whereas the opposite phenomena occurred with soluble components in most conditions. Live or heat-killed yeast cells of both fungi agglutinated erythrocytes, but only heated soluble components from P. restrepiensis B339 showed hemagglutinating activity. In conclusion, yeast cells of P. restrepiensis B339 and P. lutzii LDR2 produce hemolysins and hemagglutinins, which are most likely predominantly restricted to yeast cells in P. lutzii LDR2 and predominantly released in soluble form by P. restrepiensis B339, requiring further study.
37°C in vitro and in vivo. PCM is endemic in Latin American countries, being mainly prevalent in Brazil, Colombia and Venezuela (3) . Infection with PCM is characterized by granulomatous inflammation and manifests as two main clinical forms: acute/sub-acute and chronic. There is no mandatory reporting for this mycosis in many Brazilian states, even so, PCM was classified as the eighth most common cause of death from infectious and parasitic diseases in Brazil between 1980 and 1995 (4) .
Virulence factors are not essential for in vitro growth of dimorphic fungi, but do affect survival and growth in mammalian hosts (5) . Paracoccidioides spp. has developed several strategies for allowing it to survive within organisms and cause disseminated infection in susceptible hosts. Previous investigations have mainly used strains of P. brasiliensis to determine its ability to recognize and adhere to host tissues (6) , resist phagocytosis and antifungal drugs (7) , and produce hydrolytic enzymes, including proteases and phospholipases, which are all important in determining its virulence (8) (9) (10) .
Hemolysins are pore-forming toxins that can destroy red and nucleated cells and have been described in many pathogenic fungi, including Histoplasma capsulatum, Blastomyces dermatitidis, Candida albicans, Cryptococcus neoformans (11) and dermatophytes (12) . Hemolysins can bind to membrane lipids (e.g., cholesterol and sphingomyelin) on target cells from animals or plants (13) (14) (15) with a specificity that spares the fungal cells from which they have originated (11) . To get access to hemoglobin as part of its iron source, Paracoccidioides spp. needs to be capable of lysing red blood cells, as demonstrated by the hemolytic activity of P. brasiliensis Pb18 (S1) and P. lutzii Pb01 with sheep erythrocytes by Bailão et al. (16) .
Hemagglutinins are also important virulence factors in many pathogenic microorganisms (17, 18) , including Escherichia coli, Pseudomonas aeruginosa and influenza virus (19) (20) (21) . Nevertheless, the molecular basis of fungimediated hemagglutination is poorly understood. Taylor et al. have described the ability of Histoplasma capsulatum to agglutinate red cells, forming blood clots that enable its spread (22) . Additionally, our research group has demonstrated that the yeast form of H. capsulatum var. capsulatum releases thermolabile soluble components with hemagglutinin activity in vitro (23) .
Given the existence of hemagglutinins in other fungal species and that Paracoccidioides spp. yeast cells have hemolytic activity on sheep erythrocytes, in the current research we evaluated the ability of cells and soluble components of P. restrepiensis B339 (S3) and P. lutzii LDR2 to lyse or agglutinate human erythrocytes in vitro with the aim of contributing to the understanding of host-parasite interactions.
MATERIALS AND METHODS

Fungal strains
To restore virulence, yeast cells of P. restrepiensis B339 (classified as P. brasiliensis PS3 by Muñoz et al.) (1) and currently as P. restrepiensis by Turissini et al. (2) , were inoculated into three male Swiss mice (6 to 8-week-old, 30-40 g, Animal Facilities of the State University of Londrina, Londrina, Brazil). The mice were killed 7 days post-infection to allow time for them to develop disseminated disease (24) and their organs macerated and plated on Sabouraud dextrose agar with chloramphenicol. Re-isolated fungi were used for antigen production and in vitro assays. The Ethics Committee for Animal Experimentation of the State University of Londrina approved the described experiments and the animals were housed and treated as specified by them.
Cell culture passage has previously been shown to increase protein expression and the number of adhesins of P. lutzii Pb01 (25, 26) . Because our strain of P. lutzii LDR2 (IFM 54648) (27) is difficult to reisolate using animal models, an alternative method was employed. Swiss mouse splenocytes were incubated in culture plates in RPMI 1640 medium supplemented with 10% FBS (37°C, 60 min). Nonadherent cells were removed by gently rinsing the plates with RPMI 1640 medium. Adherent cells were collected and the cell concentration adjusted to 0.5 Â 10 7 cells/mL. Suspensions of 0.5 Â 10 5 to 0.5 Â 10 7 yeasts/mL (50 mL) were mixed with the immune cells and incubated at 37°C for 48 hr in 96-well culture plates. After further gentle rinsing with RPMI 1640 medium, collected cells were seeded in BHI agar (Acumedia, Lansing, MI, USA).
P. restrepiensis B339 and P. lutzii LDR2 were cultured in Sabouraud dextrose agar (Acumedia) and maintained by subculture at 35°C every 5 days.
Cell-free antigen preparation
Cell-free antigen (CFA) was obtained according to a previously described method (28) , with some modifications. Briefly, yeast mass was scraped from the agar surface and diluted in PBS (0.15 M, pH 7.4), with 2.5 mM phenylmethanesulfonyl fluoride (protease inhibitor, P7626, Sigma Chemical., St. Louis, MO, USA) and 0.02% thimerosal. After vortex-mixing (1 min) and centrifugation (3600 g, 15 min, 4°C), supernatant was collected and once again centrifuged (15000 g, 20 min, 4°C). Protein concentration was determined by the Lowry's method (29) and specimens were stored at À80°C until use.
Human erythrocytes
Blood was drawn from healthy individuals without anticoagulant and immediately diluted v/v in Alsever's solution. Erythrocytes were washed three times with PBS (175 g, 10 min, 4°C) and adjusted to 1% in PBS. This research was approved by the Internal Scientific Commission and Research Bioethics Committee of the State University of Londrina.
Hemolysis testing
Yeast cells test
After 5 days of culture on Sabouraud dextrose agar at 35°C, P. restrepiensis B339 and P. lutzii LDR2 yeast cells were collected, washed three times in PBS, counted in a Neubauer chamber and cell viability assessed by a trypan blue exclusion test. Cell suspensions had greater than 95% viability. Live yeast cells (10 1 up to 10 7 ), heat-killed yeast cells (autoclaved for 15 min at 121°C), Arthrographis kalrae (positive control, causes strong hemolysis) (30) and PBS (negative control) were incubated with 1% human erythrocytes suspensions (v/v, total volume of 200 mL) in V-bottom plates (3 hr, 37°C).
Test with soluble components of the fungi
CFAs were adjusted to 3 mg protein/mL and serially diluted (1/2, 1/4 and 1/8, therefore 1.5, 0.75 and 0.375 mg protein/ mL, respectively). In addition, aliquots of each concentration were heated (56°C or 100°C, 30 min) to evaluate thermal stability. Antigens were incubated with 1% human erythrocytes suspension (v/v, total volume of 100 mL) in V-bottom plates (3 and 5 hr, 37°C). PBS and distilled water were used as negative and positive controls, respectively.
Evaluation of hemolysis
After incubation, plates were centrifuged (155 g, 10 min, 4°C) and the supernatants collected and analyzed at 550 nm (Multiskan EX; Labsystems, Helsinki, Finland) (30) . Experiments were performed in duplicate. Average OD for each condition was used to calculate its relative hemolysis compared with the positive controls: results from A. kalrae and water were considered as 100%, for yeast and CFAs, respectively. Less than 10% relative hemolysis was considered trace hemolysis.
Hemagglutinating activity
Erythrocyte agglutination was visually investigated in all samples (yeasts cells and CFAs) after 1 hr of incubation at 37°C and before centrifugation of the hemolysis test after 3 hr of incubation. A small pellet of erythrocytes at the bottom of the well was considered negative for hemagglutination, whereas an even sheet of erythrocytes across the well was considered positive.
Statistical analysis
Results are expressed as mean AE SD. One-way anova was used to analyze interactions between variables and Tukey's post hoc test to identify differences between groups. P 0.05 was considered to denote statistical significance. The software used for data analysis was GraphPad Prism 6.0 for Windows (GraphPad Software, La Jolla, CA, USA).
RESULTS
Hemolysis test with Paracoccidioides spp. yeast cells
To assess whether hemolysis is dependent on cells being alive, tests were performed with both living and heat-killed yeasts. Hemolysis was not observed with 10 1 to 10 4 cells/well. Paracoccidioides spp. destroyed red cells in both conditions at 10 6 and 10 7 concentration (Table 1) . P. lutzii LDR2 exhibited stronger hemolytic activity than P. restrepiensis B339 with 10 7 cells (P < 0.001). 
Hemolysis test with soluble components of CFAs in different concentrations of protein
The hemolytic profile of CFAs in different concentrations and conditions is shown in Table 2 . No hemolysis was observed with 0.375 mg/mL of protein and less than 25% with intermediate concentrations (0.75 mg/mL for all conditions and 1.5 mg/mL of heated CFA from P. lutzii LDR2 at 3 hr). There was a progressive increase in hemolysis with increasing amounts of protein, with relative hemolysis greater than 70% for most undiluted CFAs (except for P. lutzii LDR2 after 3 hr of incubation). Heating decreased hemolytic activity (P < 0.01), except between heated CFAs from P. lutzii LDR2 at 0.75 mg/mL after 3 hr. Therefore, hemolytic effect weakened with decreasing concentrations of CFAs of both species; however, P. restrepiensis B339 showed stronger hemolytic activity than P. lutzii LDR2 in most tests (P < 0.01 for all conditions with 3 and 1.5 mg/mL and native/56°-C 0.75 mg/mL 5 hr; native 0.75 mg/mL 3 hr, P < 0.05).
In addition, preliminary tests showed that ABO blood group antigens do not interfere with Paracoccidioidesmediated hemolysis (supporting information online only- Table S1 ).
Analysis of hemagglutinating activity of Paracoccidioides spp.
Interestingly, agglutination was detected during the hemolysis assays (Fig. 1) . Although hemolysis sometimes hampered its visualization, hemagglutination was seen with both live and heat-killed yeasts at 10 5 -10 6 cells/well (Fig. 1a) . However, this effect was not observed with CFAs from P. lutzii LDR2 or with native CFAs from P. restrepiensis B339, whereas heated CFAs from P. restrepiensis B339 agglutinated erythrocytes ( Fig. 1b; 56°C, !1.5 mg/mL; 100°C, !0.75 mg/mL).
DISCUSSION
One strategy that the human host employs to prevent infections is to bind iron to high affinity proteins, such as transferrin and lactoferrin (31), making it difficult for a microorganism to access iron. Pathogens therefore need to develop strategies for gaining access to this nutrient and hemolytic activity becomes an important virulence factor for acquiring iron from a host and then using it in its own metabolism and survival.
The present research demonstrated that yeast cells from P. restrepiensis B339 and P. lutzii LDR2 have hemolytic activity on human erythrocytes, the latter exhibiting stronger hemolytic activity than the former. Bailão et al. found the opposite was true for P. brasiliensis Pb18 (S1) and P. lutzii Pb01 and sheep erythrocytes (16) . We believe that these contrasting results may be attributable to differences in our strains of P. lutzii (LDR2) and P. restrepiensis (B339); however, we cannot rule out a possible influence of iron in the culture medium because we did not use a completely iron-free agar before CFA production. Additional studies are needed to clarify this. Moreover, heat-killed P. lutzii LDR2 showed stronger hemolytic activity than live cells, whereas the opposite was true with P. restrepiensis B339. Presumably, P. lutzii contains more hemolytic components that are restricted to intracellular compartments (i) stronger hemolytic activity of P. restrepiensis than P. lutzii for the same temperature and time conditions ( ÃÃ P < 0.01; Ã P < 0.05); (ii) decreased hemolytic activity induced by heating (P < 0.01, not marked), except between heated P. lutzii's CFA at 3.7 mg/mL after 3 hr ( †).
unless the cell walls are destroyed by heat. It is also possible that P. lutzii LDR2 exports more hemolytic factors to the cell wall than P. restrepiensis B339, which would increase red cells destruction when there is cellto-cell contact.
Hemolysins are putative virulence factors that are thought to contribute to pathogenesis of PCM, enabling uptake of iron ions. A transient element, they are reportedly cofactors in many biological processes in fungi, such as respiration, metabolism of amino acids, sterol and DNA biosynthesis; they are also important growth factors for pathogenic fungi, especially during infection (32) . In contrast with bacterial hemolysins, which are secreted, the destination of fungal hemolysins remains unclear and has not been characterized (11) . The demonstration of a hemolysin-like protein in the transcriptome of P. brasiliensis suggests this is a virulence factor that could enable access to intracellular hemoglobin and iron during mycelium to yeast transition, iron being important in this phenotypic switching (33) .
The current research demonstrated the in vitro release of hemolytic components by P. restrepiensis B339 and P. lutzii LDR2, which were present in CFA preparations. CFAs were first described by Camargo et al. for use in immunodiagnosis of PCM (28) . This is an easy and inexpensive way of obtaining a great variety of soluble molecules that are released from the cell surface, including polypeptides of a wide range of molecular masses and with five main immunogenic components (20, 43, 45 , 55 and 70 kDa) (34) . Given that many molecules from the cell surfaces of microorganisms exhibit important pathogenic effects, evaluating the biological effects of CFAs is of interest. Release of hemolytic components by Paracoccidioides spp., which possibly occurs in vivo, contributes as a virulence factor in more distant sites of infection. Conversely to what was observed with cells, soluble components from P. restrepiensis B339 showed greater hemolytic activity than those from P. lutzii LDR2. Despite increasing after heating, P. lutzii's hemolytic activity was still weaker than that of P. restrepiensis. This may be attributable to less than total release of hemolytic factors or to a smaller amount/activity in soluble form from this isolate of P. lutzii (LDR2); this requires additional research.
Although known to be a mesophilic organism, Paracoccidioides spp. has been shown to survive under thermal stress (35) ; its proteins are therefore expected to have at least some degree of thermostability. Heating decreased but did not abolish hemolytic activity of CFAs from both fungi. Fungal hemolysins are usually found in a b-sheet conformation and may lose their lytic activity when not in this shape. Aegerolysins, the largest group of hemolysins, can be ruled out as the hemolytic factor of this P. restrepiensis strain B339 on the basis that they are heat labile above temperatures of 60-65°C (11) . Given that heating only diminished the lytic effect of CFA, the hemolytic component must: (i) be heat resistant; (ii) have an active site that is not altered by changes in protein conformation; (ii) not be a protein; or (iv) have both thermo-labile and thermo-resistant components. Previous studies have shown certain fungi have more than one component with hemolytic activity, for example, A. kalrae and C. parapsilosis (30, 36) . In addition to non-protein components of fungi, proteases may also be responsible for hemolysis by yeast cells (11) . However, this is not so for CFAs, because a protease inhibitor was employed during its production.
This study demonstrated the presence of a hemolytic factor on the cell surface and as a secreted component for releasing hemoglobin, as hypothesized by Bailão et al. (16) . The same group demonstrated that this is a possible iron source; they found that there was no upregulation of zrt1 transcript, which encodes for a zinc/ iron permease, after incubation of yeasts of P. brasiliensis with human blood, suggesting there is no limit on available iron in this situation (37) . This indicates that iron can be acquired from a host's iron binding molecules, such as heme, by a ferric reductase (38) .
In silico analysis has pointed to a family of surface receptors that are capable of internalizing released hemoglobin, the genes of which are activated when there are small amounts of iron and hemoglobin is present. Additionally, induction of proteins involved with metabolism of aminoacids, nitrogen and sulfur in the presence of hemoglobin indicates that Paracoccidioides spp. internalizes the entire molecule as a source of all these substances (16) .
Surprisingly, cells and soluble components of P. restrepiensis B339 and P. lutzii LDR2 also demonstrated hemagglutinating activity. We postulate that hemagglutinins or other components favor binding of the fungi to erythrocytes' surfaces, causing agglutination, which in turn promotes a lytic effect. We also found that heated soluble components cause hemagglutination; thus, the effect of non-specific binding of hydrophobic domains from denaturated proteins needs to be considered. Vivan et al. reported that CFAs from H. capsulatum have hemagglutinating activity; however, this capability was lost when these antigens were heated (23) .
Extensive lipidomics analysis of extracellular vesicles from P. brasiliensis has shown production of phosphatidylserine (39), a phospholipid with strong hemagglutinating activity (40) . Moreover, fungi are a rich source of lectins, proteins that recognize carbohydrates and agglutinate human and animal erythrocytes (41) . Even ABO antigens that contain carbohydrates can be targets of lectin-specific interactions (42) . Indeed, Paracoccidioides spp. synthesize paracoccin, a surface N-acetylglucosamine-binding lectin, which attaches to laminin in the extracellular matrix and is critical for fungus adhesion to host tissues (6) . Given that N-acetylglucosamine is a carbohydrate constituent of the erythrocyte membrane that faces towards extracellular fluid and is present in the chemical chain of ABO antigens (43) , this could be a target for attachment of paracoccin and subsequent agglutination of red cells. Further studies are required to determine whether this lectin is involved in this mechanism and is present in these research experimental conditions.
Although the importance of iron in the cellular metabolism of Paracoccidioides spp. has already been shown, there is limited information about the mechanisms of iron acquisition or what the fungi's preferred sources are. The current research demonstrated for the first time that both yeast cells and soluble components from P. restrepiensis B339 and P. lutzii LDR2 are capable of lysing and agglutinating human erythrocytes. In summary, hemolytic activity is stronger with yeast cells of P. lutzii LDR2 than with those of P. restrepiensis B339, whereas the opposite is true of their soluble components. Agglutination is caused by yeast cells from both species, but with only P. restrepiensis B339 soluble components. We suggest that P. restrepiensis B339 is more effective in releasing these factors in soluble form.
Despite its extensive use in previous research about PCM, especially concerning its immunological aspects, strain B339 has been difficult to classify genetically. After Muñoz et al. proposed it be changed from S1 to PS3 (1), Turissini et al. demonstrated that this strain (referred to as B18) has conflicting phylogenetic and morphological features (2), indicating it had either been mis-assigned or be a new hybrid between different phylogenetic species. However, it was nested within PS3. Additionally, the recent division of Paracoccidioides species complex into the new species P. brasiliensis stricto sensu, P. americana, P. restrepiensis and P. venezuelensis (2) increased the need for further investigation of phenotypic characteristics to enable better classification of all strains currently in use. Future studies of these virulence factors will contribute to a better understanding of this complex host-pathogen interface and to the design of therapeutic interventions.
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